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ABSTRACT

Peanut genotypes from the US mini-core collection were
analysed for changes in leaf proteins during reproductive
stage growth under water-deficit stress. One- and two-
dimensional gel electrophoresis (1- and 2-DGE) was per-
formed on soluble protein extracts of selected tolerant
and susceptible genotypes. A total of 102 protein bands/
spots were analysed by matrix-assisted laser desorption/
ionization—time-of-flight mass spectrometry (MALDI-
TOF MS) and by quadrupole time-of-flight tandem mass
spectrometry (Q-TOF MS/MS) analysis. Forty-nine non-
redundant proteins were identified, implicating a variety of
stress response mechanisms in peanut. Lipoxygenase and
1L-myo-inositol-1-phosphate synthase, which aid in inter-
and intracellular stress signalling, were more abundant in
tolerant genotypes under water-deficit stress. Acetyl-CoA
carboxylase, a key enzyme of lipid biosynthesis, increased in
relative abundance along with a corresponding increase in
epicuticular wax content in the tolerant genotype, suggest-
ing an additional mechanism for water conservation and
stress tolerance. Additionally, there was a marked decrease
in the abundance of several photosynthetic proteins in the
tolerant genotype, along with a concomitant decrease in
net photosynthesis in response to water-deficit stress. Dif-
ferential regulation of leaf proteins involved in a variety of
cellular functions (e.g. cell wall strengthening, signal trans-
duction, energy metabolism, cellular detoxification and
gene regulation) indicates that these molecules could affect
the molecular mechanism of water-deficit stress tolerance
in peanut.
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INTRODUCTION

Legumes are the second most important source of food
in the world (FAOSTAT data 2007), and production of
peanuts (Arachis hypogaea L.) is second only to soybean,
with a total global harvests of 34 million tons (FAOSTAT
data 2007). The USA produces nearly two million tons of
peanuts with an annual worth of $1 billion to farmers and
$6 billion to the economy overall (United States Depart-
ment of Agriculture Data and Statistics 2006). The majority
of peanut acreage in the south-western USA is in semi-arid
regions with limited potential for irrigation, whereas in the
south-eastern USA approximately half of the peanut
acreage is grown under rain-fed conditions. While peanuts
are moderately adaptive to water-deficit conditions,
increased urban water usage, prolonged drought in the
southern USA and limited water resources (e.g. rapidly
declining water table in Ogallala Aquifer) are threatening
sustainable peanut crop production. Reductions in water
supply generate water-deficit stress in peanuts and subse-
quent loss of yield. Annually, US crop losses caused by
drought exceed $500 million, and it is estimated that
approximately half of that loss could be avoided by genetic
improvement for water-deficit stress tolerance (Devaiah
et al. 2007).

Despite the agronomic and economic impacts of drought,
little is known about the molecular mechanisms regulating
water stress tolerance in peanuts (Jain, Basha & Holbrook
2001; Luo et al. 2005). Our knowledge of the molecular
responses to abiotic stress is limited primarily to those asso-
ciated with changes in transcription (Seki et al. 2001; Bray
2002; Drame et al. 2007). Candidate genes identified during
water stress include transcriptional regulators, signal trans-
duction molecules and genes that protect cells against stress
(Seki et al. 2001). Two signalling molecules, a serine-rich
protein and a leucine-rich protein, were identified in a water
stress-tolerant peanut (Devaiah ef al. 2007). Recently, it was
shown that increased accumulation of phospholipase Do
and late embryogenesis abundance (LEA) transcripts may
reduce water loss and protect cellular components against
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stress damage (Drame er al. 2007). These researchers also
reported that decreased serine protease expression could
delay water stress-induced senescence. However, cellular
processes are also regulated by protein—protein interac-
tions, post-translational protein modifications and enzy-
matic activities that cannot be identified by gene expression
studies alone.

Proteomic analyses may, therefore, provide a powerful
tool to address biochemical and physiological aspects of
plant response to water-deficit conditions. For example,
Bhushan et al. (2007) identified over 100 proteins impli-
cated in cell wall modification, signal transduction, metabo-
lism and cell defence in the cell wall and extracellular
matrix in chickpea exposed to dehydration stress. Evalua-
tion of the mitochondrial proteome in pea indicated the
broader induction of defence strategies and less protein
damage during exposure to water-deficit stress compared
to chilling (Taylor er al. 2005). At the whole cell level, Haj-
heidari et al. (2005) identified several key photosynthetic
enzymes, including ribulose 1-5-bisphosphate carboxylase/
oxygenase (Rubisco), as well as proteins involved in redox
regulation, reactive oxygen scavenging, signal transduction
and chaperone activity that were responsive to water-deficit
stress in sugar beet leaves. In rice leaves, proteomics analy-
sis revealed increased actin depolymerizing factor, an
S-like RNase homolog, and Rubisco activase, and down-
regulation of isoflavone reductase-like proteins during
water stress (Salekdeh et al. 2002).

Phenotypic screens of core or mini-core peanut germ-
plasm collections have identified variability in many traits,
including resistance to both abiotic and biotic stress factors,
and aflatoxin contamination (Isleib et al. 1995; Anderson,
Holbrook & Culbreath 1996; Holbrook, Wilson &
Matheron 1998; Holbrook, Stephenson & Johnson 2000).
Variability in plant traits associated with water-deficit stress
tolerance has been identified in the ICRISAT mini-core
collection (Upadhyaya 2005), but little is known about
these traits in the US germplasm. In most cases, physiologi-
cal traits were not examined, and only a few morphological
traits (e.g. root length and final yield) were used to assess
stress tolerance (Branch & Kvien 1992; Rucker et al. 1995;
Holbrook et al. 2000). While this approach has occasionally
been successful (e.g. C76-16 breeding line; Holbrook et al.
2007), initial screens utilizing a primarily yield-based analy-
sis for selection of stress tolerance will reject germplasm
that exhibits relatively poor yield under well-watered con-
ditions, but has significant potential for tolerance to water
deficit. Therefore, strategies that employ a greater range of
factors are more likely to successfully identify tolerant lines.

Bennett eral. (2002) demonstrated that an integrated
approach to selection for abiotic stress tolerance combin-
ing physiological, transcript and protein expression could
reveal differences that were not identified using a single
method. For example, in sorghum an integrated approach
indicated that aluminium tolerance was controlled by a
single major gene plus several minor genes (Magalhaes
2006). Although the complex tolerance mechanisms for
stresses like heat and water deficit are not likely to be as

conclusively resolved, identification of key genes, proteins
and physiological responses to these stresses in a large and
diverse set of germplasm will substantially improve our
ability to select stress-tolerant plants.

In this study, our objectives were to increase our under-
standing of the molecular mechanisms conferring
water-deficit stress tolerance in peanuts and to identify
stress-tolerant genotypes. Seventy uniform US mini-core
genotypes and seven peanut cultivars were screened for
stress tolerance, and 20 genotypes were selected for addi-
tional water-deficit stress screening and physiological analy-
ses. We utilized a variety of morphological, physiological
and proteomic techniques to examine peanut response to
well-watered and water-deficit conditions in an environ-
mentally controlled glasshouse. Key enzymes and structural
proteins that may be associated with water-deficit stress
tolerance were then identified. These results allow us to
associate physiologically significant candidate proteins with
water-deficit stress tolerance mechanism in peanuts.

MATERIALS AND METHODS

Seed material and water-deficit
stress treatment

We investigated 70 peanut genotypes from a US peanut
mini-core collection (Kottapalli efal. 2007a) and seven
additional cultivars. After initial screening, 20 genotypes,
consisting of 17 mini-core genotypes and three check culti-
vars (Table 1), were selected for further evaluation of water
stress tolerance utilizing a chlorophyll fluorescence assay
(Burke 2007). Plants were grown from seed in 2 L pots in a
glasshouse maintained at an optimal growing temperature
(31/27 °C day/night cycle) and natural light conditions;

Table 1. Sclected US mini-core genotypes and check cultivars
for water-deficit stress screening

Mini-core ID  PI # Subspecies Market type

COC038 493581 fastigiata Valenicia
COC041 493631 fastigiata Valenicia
COCO050 493717 fastigiata Valenicia
COC068 493880 fastigiata Valenicia
COC149 502040 fastigiata Spanish
COCl166 494795 hypogaea Runner
COC208 274193 hypogaea Virginia
COC227 290566 hypogaea Runner
COC249 343384 fastigiata Intermediate
COC277 259851 hypogaea Virginia
COC29%4 372271 hypogaea Virginia
COC388 162655 fastigiata Spanish
COC408 262038 fastigiata Valenicia
COC477 268806 fastigiata Spanish
COC678 476636 hypogaea Virginia
COC698 372305 hypogaea  Virginia
COC703 476432 fastigiata Intermediate
Tamrun OL0O2  Simpson et al. 2006  hypogaea Runner
1ICGS-76 Nigam et al. 1991 hypogaea Virginia
T™MV-2 - fastigiata Spanish
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high-pressure sodium lamps (430 W) were used to maintain
a 15/9 h light/dark photoperiod. Plants were watered well
and adequately supplied with nutrients. We used a random-
ized block design with three replicate blocks. During the
middle of the reproductive growth stage (67 d after plant-
ing), half of the plants were subjected to water-deficit stress
by withholding water for 7 d, and half of the plants con-
tinued to be well watered. Prior to initiation of the water
stress, all plants were watered to saturation and pots were
weighed; the pots were covered with a gas-permeable
polyethylene sheet (ULINE, Chicago, IL, USA) to prevent
evaporative water loss from the soil. After 7 d, stressed
plants were rewatered to saturation; on average, stressed
plants used 62% of the available soil moisture. Leaves were
harvested and immediately frozen in liquid nitrogen and
stored at —80 °C until further analysis.

Chlorophyll fluorescence screen for
stress tolerance

A novel stress bioassay was conducted using a modified
chlorophyll fluorescence technique described by Burke
(2007). Briefly, leaf samples were collected in the glasshouse
before dawn at the end of the water stress treatment (i.e.7 d
after water was withheld), and initial chlorophyll fluores-
cence yield (F./F,) measurements were conducted using
an Opti-Science OS1-FL Modulated Fluorometer (Opti-
Sciences, Inc., Hudson, NH, USA). Subsequently, samples
were maintained in a growth cabinet (40 °C) in the dark,
and F./F, was measured at 8, 24, 32, 48 and 72 h after
incubation. The decline in F,/F, over time was used as an
indicator of the level of stress experienced by the plants
prior to incubation. In theory, leaves respire until they
exhaust stored carbon reserves present at the time of leaf
sampling. Hence, a slow decline in F./F,, reflected greater
carbon reserves at initial sampling, which was indicative of
high physiological stress and decreased sink activity. Con-
versely, a rapid decline in fluorescence yield (i.e. rapid leaf
death) indicated lower physiological stress at the time of
sampling (Burke 2007).

Leaf-level photosynthesis, stomatal
conductance and water-use efficiency (WUE)

At the beginning (0 d) and the end (7 d) of the water-deficit
stress treatment, leaf level gas exchange was measured on a
recently, fully expanded, second nodal leaf during peak pho-
tosynthetic activity in midday (1000-1300 h) on peanut
plants growing in the glasshouse using a portable photosyn-
thesis system (Li-Cor model 6400, Lincoln, NE, USA).
Leaves in the Li-Cor 6400 cuvette were maintained and
measured under the following conditions: 38 Pa CO,,
leaf temperature 27 °C, relative humidity 50-60% and
saturating photosynthetic photon flux density (PPFD)
of 1900 umol m2s™' (determined by photosynthetic light
response curves for three plants of each genotype) provided
by a blue-red LED external light source on the Li-Cor

6400 cuvette. Leaf vapour pressure deficit (Dy) averaged
1.86 kPa for irrigated plants and 2.34 kPa for stressed
plants. Estimates of instantaneous leaf WUE were calcu-
lated as the ratio of photosynthesis (A) to stomatal conduc-
tance (gs).

Epicuticular wax estimation

Leaf discs (1.132 cm?) were collected from 15 well-watered
and 15 water-stressed plants at the end of the stress experi-
ment. Epicuticular wax load (EWL) was estimated by both
gravimetric and colorimetric methods using the protocol
described by Samdur et al. (2003) and Ebercon, Blum &
Jordan (1977).

Preparation of total crude protein extract and
one-dimensional (1-D) gel electrophoresis
(1-DGE)

Total leaf protein was extracted using the phenol extraction
protocol described by Kottapalli ef al. (2008) (Supporting
Information Fig. S1). Briefly, 100 mg of lyophilized tissue,
pooled from three plants, was added to an extraction
medium containing 0.9 M sucrose, 0.1 M Tris-HCI (pH 8.8),
10 mm ethylenediaminetetraacetic acid (EDTA) (pH 8.0),
0.4% (v/v) 2-mercaptoethanol and tris-buffered phenol (pH
8.8), and gently mixed at room temperature (RT). Proteins
were precipitated by incubating the phenolic phase with
0.1 M ammonium acetate-methanol at —20 °C overnight,
followed by precipitation and washing of the proteins seri-
ally in three organic solvents to give a highly purified
protein pellet. The protein content was measured by Brad-
ford assay using bovine serum albumin (fraction V) as the
standard (Bradford 1976). Fifteen micrograms of protein
was incubated for 3 min at 95 °C in sample buffer contain-
ing 62 mMm Tris (pH 6.8) containing 10% (v/v) glycerol,
2.5% (w/v) sodium dodecyl sulphate (SDS) and 5% (v/v)
2-mercaptoethanol, and a drop of bromophenol blue
(BPB), then cooled to RT. After incubation on the bench
(at ambient RT of 25°C) for 10 min, the mixture was
centrifuged and the supernatant was used for SDS-
polyacrylamide gel electrophoresis (SDS-PAGE, 4% T,
2.6% C stacking gels, pH 6.8 and 12.5% T, 2.6% C separat-
ing gels, pH 8.8). SDS-PAGE was carried out on a Nihon
Eido (Tokyo, Japan) vertical electrophoresis unit at con-
stant current of 40 mA for ca. 4 h. The running buffer was
composed of 0.025 m Tris, 0.192 M glycine and 0.2% (w/v)
SDS. Molecular mass markers (5.0 uL of the commercially
available ‘ready-to-use’ Precision Plus Protein Standards,
Dual Color; Bio-Rad, Hercules, CA, USA) were loaded in
the well adjacent to the samples. Gels stained with Coo-
massie brilliant blue (CBB R-250) were visualized for dif-
ferential banding pattern.

Immunoblotting

Electrotransfer of proteins from a gel to a polyvinyldifluo-
ride (PVDF) membrane (NT-31, 0.45 um pore size; Nihon
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Eido) was conducted at 1 mA cm™ for 80 min at RT using a
semidry blotter (Nihon Eido) as described in Rakwal et al.
(2003). The ECL + plus Western Blotting Detection System
protocol (GE Healthcare, Little Chalfont, Buckingham-
shire, UK) was used for blocking, and primary and second-
ary antibody (anti-Rabbit IgG, horseradish peroxidase
linked whole antibody; from donkey) incubation. Immu-
noassayed proteins were visualized on an X-ray film
(X-OMAT AR, Kodak, Tokyo, Japan) using an enhanced
chemiluminescence protocol (GE Healthcare).

Two-dimensional gel electrophoresis (2-DGE)

2-DGE of three selected genotypes was carried out using
IPG strip gels on an IPGphor unit followed by the second
dimension using ExcelGel XL SDS 12-14 gradient gels on a
Multiphor IT horizontal electrophoresis unit (GE Health-
care, Piscataway, NJ, USA). The volume carrying 80 ug total
soluble protein was mixed with LB-TT (for details, see
Kottapalli et al. (2008)) containing 0.5% (v/v) pH 4.0-7.0
IPG buffer (GE Healthcare) to bring to a final volume of
340 uL. A trace of BPB was added and samples were cen-
trifuged at 15 000 g for 15 min followed by pipetting into an
18 cm strip holder tray placed into the IPGphor unit. The
IPG strips (pH 4.0-7.0; 18 cm) were placed onto the protein
samples, avoiding air bubbles between the sample and the
gel. The IPG strips were passively rehydrated with the
protein samples for 90 min, followed by overlaying the IPG
strips with cover fluid; this was directly linked to a five-step
active rehydration and focusing protocol (18 cm strip) as
described previously (Hirano et al. 2007). The whole proce-
dure was conducted at 20 °C, and a total of 68 902 Vh was
used for the 18 cm strip. Following IEF, the IPG strips were
immediately used for the second dimension or stored at
—20°C.

The strip gels were incubated twice in equilibration
buffer containing 50 mm Tris—-HCI (pH 8.8), 6 M urea, 30%
(v/v) glycerol, 2% (w/v) SDS and 2% (w/v) dithiothreitol
(DTT) for 10 min with gentle agitation, followed by incu-
bation in the same equilibration buffer supplemented with
2.5% (w/v) iodoacetamide for 10 min at RT. For horizontal
electrophoresis, 18 cm IPG strips were placed onto the
SDS 12-14% gradient gels after equilibration, followed by
placement of the cathode and anode buffer strips and
electrodes, respectively. SDS-PAGE (20 and 40 mA/gel)
was performed as per manufacturer recommendations
(GE Healthcare). Molecular masses were determined by
running Dual Color Precision plus Protein Standard protein
markers (Bio-Rad); for each sample, a minimum of four
IPG strips and corresponding SDS-PAGE was used under
the same conditions.

Protein visualization, image analysis and
spot quantification

To visualize the protein spots, the polyacrylamide gels were
stained with CBB. Protein patterns in the gels were

recorded as digitized images using a digital scanner (Canon
CanoScan 8000F, resolution 300 dpi, 16-bit grayscale pixel
depth) and saved in tagged image file formats. The gels were
quantified in profile mode using ImageMaster 2D Platinum
software version 5.0 (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). Protein abundance was expressed
as relative volume according to the normalization method
provided by ImageMaster software that compensates for
gel-to-gel variation in sample loading, gel staining and
destaining (Agrawal & Thelen 2005; Hajduch et al. 2005). In
order to analyse differences in relative protein abundance,
spot volumes were compared with those of corresponding
spots in fully irrigated control samples; spot differences
were also manually confirmed. Moreover, the CBB-stained
spots were selected for comparative profiling only if they
were confirmed in three independent gel replications.

Spots that exhibited *+ 1.5-fold difference (in all three gel
replications) in relative abundance in water-stressed plants
compared to well-watered plants were selected for mass
spectrometry analysis. Additionally, the protein bands
from 1-D gels showing differential accumulation between
samples were excised along with the corresponding bands
from control sample lanes and transferred to sterile 1.5 mL
tubes. Distinct differentially expressed protein spots from
two-dimensional (2-D) gels were picked using a gel picker
(One Touch Spot Picker, P2D1.5 and 3.0; The Gel Company,
San Francisco, CA, USA); excised bands/spots were stored
at =30 °C.

Protein identification using mass spectrometry

Proteins were identified using peptide mass fingerprinting
(PMF) methods (Jensen et al. 1997) utilizing mass spec-
trometry. In the PMF method, excised gel spots were
destained with 100 uL of destain solution (30 mm potassium
ferricyanide in 100 mm sodium thiosulphate), with shaking
for 5 min. After the solution was removed, gel spots were
incubated with 200 mm ammonium bicarbonate (hereafter
refered to as AMBIC) for 20 min. Gel pieces were dried in
a speed vacuum concentrator for 5 min and then rehy-
drated with 20 uL. of 50 mm AMBIC containing 0.2 ug
modified trypsin (Promega, Madison, WI, USA) for 45 min
on ice. After removal of solution, 30 uL of 50 mm AMBIC
was added, and the digestion was performed overnight at
37 °C. The peptides were desalted and concentrated using
C18 nanoscale (porous C18) columns (IN2GEN, Seoul,
Korea). In preparation for use in the matrix-assisted laser
desorption/ionization—time-of-flight mass spectrometer
(MALDI-TOF MS), peptides were eluted by 0.8 uL of
matrix solution (70% acetonitrile, 0.1% TFA, 10 mg mL™!
alpha-cyano-4-hydroxycinnamic acid) and then spotted
onto a stainless steel target plate. Masses of peptides were
determined using MALDI-TOF MS (model MALDI-R;
Micromass, Manchester, UK); calibration was performed
using internal mass of trypsin auto digestion product
(m/z 2211.105).

In preparation for analysis by quadrupole time-of-flight
tandem mass spectrometry (Q-TOF MS/MS), 15 uL of the

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 380-407



384 K. R. Kottapalli et al.

peptide solution from the digestion supernatant was diluted
with 30 uL in 5% formic acid, loaded onto the column and
washed with 30 uL of 5% formic acid. Peptides were eluted
with 2.0 uL. methanol/H,O/formic acid (50/49/1, v/v/v)
directly into a precoated borosilicate nanoelectrospray
needle (EconoTip; New Objective, Inc., Woburn, MA,
USA). MS/MS of peptides generated by in-gel digestion
was performed by nano-ESI on a Q-TOF2 MS using a
source temperature of 80 °C. A potential of 1kV was
applied to the precoated borosilicate nanoelectrospray
needles in the ion source combined with a nitrogen
back-pressure of 0-5psi to produce a stable flow rate
(10-30 nL min™). The Q-TOF2 MS was operated in an
automatic data-dependent mode to collect ion signals from
the eluted peptides. In this mode, the most abundant
peptide ion peak with doubly or triply charged ion in a
full-scan mass spectrum (m/z 400-1500) was selected as the
precursor ion. Finally, an MS/MS spectrum was recorded to
confirm the sequence of the precursor ion using collision-
induced dissociation (CID) with a relative collision energy
dependant on molecular weight; cone voltage was 40 V. The
quadrupole analyser was used to select precursor ions for
fragmentation in the hexapole collision cell. The collision
gas was Ar at a pressure of 6-7 x 10 mbar, and the collision
energy was 20-30 V. Product ions were analysed using an
orthogonal TOF analyser, fitted with a reflector, a micro-
channel plate detector and a time-to-digital converter; data
were processed using a MassLynx (ver. 3.5) Windows NT
PC system.

Protein identification was performed by searching
the National Center for Biotechnology Information
(NCBI) non-redundant database using the MASCOT
search engine (Matrix Science, London, UK; http:/
www.matrixscience.com), which uses a probability-based
scoring system. The following parameters were used for
database searches (NCBInr 20070120, 4462937 sequences;
1534242322 residues) with MALDI-TOF PMF data:
trypsin as digesting enzyme, carbamidomethylation of
cysteine as a fixed modification, oxidation of methionine
as variable modification, monoisotopic mass, unrestricted
protein mass, = 100 ppm peptide mass tolerance, 1+
peptide charge state, with one missed cleavage allowed.
For MALDI-TOF MS data to qualify as a positive iden-
tification, a peptide score had to equal or exceed the
minimum = significant score. For database searches
(NCBInr 20070127, 4496228 sequences; 1544738466 resi-
dues; Taxonomy Viridiplantae, 283484 sequences) with
MS/MS spectra, the following parameters were used:
trypsin as digesting enzyme, carbamidomethylation
of cysteine as a fixed modification; oxidation of methion-
ine as allowable variable modifications, monoisotopic
mass value and unrestricted protein mass; * 1.0 Da
peptide mass tolerance and * 0.8 Da fragment mass tol-
erance; peptide charge of +1, +2 or +3; with one missed
cleavage allowed. Positive identification of proteins by
MS/MS analysis required a minimum of two unique pep-
tides, with at least one peptide having a significant ion
score.

Gene expression analysis using
real-time gRT-PCR

Total RNA from leaf tissue was isolated using the RNeasy
Plant Mini-kit (Qiagen, Valencia, CA, USA). Leaves were
ground to a fine powder in liquid nitrogen, and approxi-
mately 100 mg of homogenized tissue was used for total
RNA isolation. RNA samples were treated with Turbo
DNAfree (Ambion, Austin, TX, USA) prior to cDNA syn-
thesis. One microgram of total RNA was used to synthesize
first-strand c¢cDNA wusing the SuperScript First Strand
Synthesis system for RT-PCR (Invitrogen, Carlsbad, CA,
USA). The primers for eight candidate proteins identified
from this study were designed using Integrated DNA Tech-
nologies primer designing tools (see Supporting Informa-
tion Table S1). The efficiency of the primer pairs was
determined using cDNA derived from the irrigated samples
using a 1:2 serial dilution series. Primer efficiency reactions
were performed in triplicate in a volume of 25 uL using
SuperArray SYBRGreen reaction mix (SuperArray Bio-
science Corp., Frederick, MD, USA).

Reactions were subjected to real-time qRT-PCR using
the Roche LightCycler 480 Real-Time PCR System and
analysed using the LightCycler 480 quantification software
(Roche Biochemicals, Indianapolis, IN, USA). Samples
were analysed in a 25 uL reaction volume using the Roche
LightCycler. Reactions were performed in triplicate using
cDNA templates from treated and control samples for each
gene (candidate genes and actin-DF gene). A master mix of
SYBRGreen and primers was prepared for each primer
pair. RT-PCR reactions were performed on 40 ng total
RNA with 400 nm specific primers under the following
conditions: one cycle of denaturation at 95 °C for 10 min
followed by 40 cycles each consisting of 95 °C for 15s
(denaturation) and 60 °C for 15s (annealing and elonga-
tion). The PCR reaction was followed by a melting curve
programme (60-95 °C with a heating rate of 0.1 °C s and a
continuous fluorescence measurement) and then a cooling
programme at 40 °C. Negative controls lacking reverse
transcriptase were run with all reactions. PCR products
were also run on agarose gels to confirm the formation of a
single product at the desired size. Crossing points for each
transcript were determined using the second-derivative
maximum analysis with the arithmetic baseline adjustment.
Crossing point values for each gene were normalized to the
respective crossing point values for the reference gene
actin-DF. Data were presented as normalized ratios of
genes along with error standard deviations estimated using
the Roche Applied Science E-method (Tellmann & Geulen
2006).

Statistical analyses

Each experiment was replicated at least three times. Values
are expressed as means = SE. Data were analysed using
KaleidaGraph (Synergy Software, Reading, PA, USA) soft-
ware. All mean comparisons were done using f-test for
independent samples. For photosynthetic rate and stomatal
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conductance, the different measurements were subjected to
a one-way analysis of variance (ANova). Confidence coeffi-
cient o in all cases was set at 0.05.

RESULTS AND DISCUSSION

Screening of US peanut mini-core genotypes
for water-deficit stress tolerance

We evaluated 17 genotypes from the US peanut mini-core
collection and three check cultivars using the chlorophyll
fluorescence screening technique following imposition of
water-deficit stress. Of these 20 genotypes, we identified
five stress-tolerant (COC041, COC384, COC249, COC149,
TMV-2) and five stress-susceptible (COC166, COC227,
COC068, Tamrun OL02, ICGS 76) genotypes based on
observations of chlorophyll fluorescence yield (Fig. 1a),
whole-plant WUE (mg mass produced per g of water used;
Fig. 1b), and specific leaf area (SLA; cm? leaf area per g leaf
mass; Fig. 1c). Tolerant genotypes were characterized by
smaller percentage changes in chlorophyll fluorescence
yield during water-deficit stress, higher WUE during well-
watered and deficit stress conditions and slightly higher
SLA, compared with susceptible genotypes. The most toler-
ant genotype (COC041) exhibited a similar decline in fluo-
rescence yield over time in both water-stressed and well-
watered plants (Fig. 1d). In contrast, the most susceptible
genotype (COC166) exhibited a marginal decline in fluo-
rescence yield in the water-stressed plants after 72h of
incubation. The tolerant genotype (COC041) also exhibited
higher whole plant WUE than the susceptible genotype
(COC166).

Our results indicate that the elevated respiratory demand
bioassay, designed to measure source leaf responses to
abiotic stresses in cotton (Burke 2007), can be employed to
screen peanut genotypes for divergence in response to
water-deficit stress. Here, we have designated COC041 as a
stress-tolerant genotype and COC166 as stress susceptible
based on higher relative whole-plant WUE and normal
chlorophyll fluorescence under stress conditions compared
to other selected US mini-core accessions and check culti-
vars during water-deficit stress. As further confirmation of
our designation of COC041 as a tolerant genotype and
COC166 as susceptible, we compared the yield of these
genotypes under field conditions of full and moderate
deficit irrigation of approximately 100 and 70% potential
evapotranspiration (PET) replacement, respectively. When
grown in deficit irrigation conditions of 70% PET, the sus-
ceptible genotype exhibited approximately 90% decline in
yield, while the tolerant genotype exhibited a 15-20%
decline in yield compared to the 100% PET treatment
(Fig. 2a,b).

Leaf physiological responses to water stress

Figure 3 shows that light-saturated photosynthesis (A)
was similar in the tolerant (COC041) and susceptible
(COC166) genotypes before water stress was applied (0 d)

and at the end of the stress period (7 d), but A was higher
in the susceptible genotype during stress exposure (3 d)
because of higher stomatal conductance (g; Table 2). On
the second day after rewatering, A and g; were higher in
the tolerant genotype reflecting faster recovery from
stress, but 7 d after rewatering both genotypes had fully
recovered (Table 2). Instantaneous leaf-level WUE (A/gs;
WUE) was higher in the tolerant genotype prior to and
during the onset of water deficit because of lower g.
However, upon return to saturated soil moisture condi-
tions, assimilation rates and stomatal conductance
increased rapidly (within 48 h), and WUE was lower in the
tolerant genotype compared to the susceptible genotype.
Although the susceptible genotype showed a slower
recovery following the stress treatment, both genotypes
recovered to pre-stress levels of photosynthesis 7 d after
rewatering (Table 2). In general, the response to soil mois-
ture availability is significantly faster in the tolerant geno-
type compared to susceptible plants, and this appears to
be, in part, caused by better stomatal control.

Differences in protein profiles between tolerant
and susceptible genotypes

1-DGE was used to identify broad protein-level differences
between the tolerant and susceptible genotypes and the
check cultivar. On 12.5% SDS-PAGE gels, 43 differential
bands were observed in the tolerant genotype (COC041),
susceptible genotype (COC166) and check cultivar
(TMV2) under well-watered and water-deficit conditions
(Fig. 4). Only those bands showing distinct differences
between stressed and well-watered samples (23 in total)
were selected for LC-MS/MS analysis, generating the iden-
tification of 17 non-redundant proteins (Table 3).

Changes in protein profiles in the susceptible, tolerant
and check cultivar peanut plants during water stress were
observed in 2-DGE analysis of total proteins (Fig. 5). Quan-
titative image analysis indicated 79 differential protein
spots exhibited significantly altered intensities (* 1.5-fold
over well-watered control) in water-stressed plants. These
79 differential proteins were then analysed by MALDI-
TOF MS and Q-TOF MS/MS, and 48 non-redundant pro-
teins with altered intensities were observed (= 1.5-fold over
well-watered control) in water-stressed plants (Table 4).
Spectra of all proteins identified by MALDI and Q-TOF
are provided in our peanut protein database (http://www.
Ibk.ars.usda.gov/psgd/index-peanut.aspx).

We categorized these proteins into 10 different known
functional groups (representing 83% of proteins) and one,
relatively small unknown group (13% of proteins; Fig. 6).
Surprisingly, the identities of very few differentially
expressed proteins were unknown. This may be because of
the fact that majority of abundant leaf proteins have been
well characterized (Larrainzar et al. 2007). The largest func-
tional groups were proteins associated with photosynthesis
(25%), lectins (15%), signal transduction (13%) and water
stress (10%). Apart from the known enzymes involved
in photosynthesis, five proteins implicated in signal

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 380-407
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Figure 1. (a) Percent change in chlorophyll fluorescence yield for 10 selected peanut genotypes exposed to slow-onset water-deficit
stress for 7 d. The chlorophyll fluorescence values indicate the percent change in yield at 72 h compared to 0 h. (b) Water-use efficiency
(WUE) calculated as the ratio of biomass produced per given amount of water (mg g™!). (¢) Specific leaf area (SLA) given as ratio of leaf
area and leaf dry mass (cm* 100 mg). (d) Graphs showing time-course chlorophyll fluorescence yield decline of control (white squares)
and water-stressed (black squares) source leaves of peanut genotypes COC041 and COC166, and cultivar TMV?2.
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Figure 1. Continued.

transduction were detected during water stress (Tables 3
and 4). These included lipoxygenase (LOX) (Table 3, band
5), cyclophilin (Table 3, band 14), calmodulin-binding
protein (CBP) (Table 3, band 15), nucleoside diphosphate
kinase 1 (NDK1) (Table 3, band 16) and 1r-myo-inositol-1-
phosphate synthase (Table 4, spot 30). Levels of LOX
protein increased during water stress in tolerant genotypes.
Fatty acid hydroperoxide-like linolenic acid produced by
LOX is a precursor for biosynthesis of jasmonic acid, a
signalling molecule that activates plant defence mecha-
nisms (Lee et al. 2005). It is possible that jasmonic acid,
produced by lipoxygenase, may be involved in perception
and transduction of extracellular signals during water stress.
However, it should be noted that the role of LOX in the
stress response is complex (Fauconnier et al. 2002), and the
possible involvement of jasmonic acid, here, requires
further investigation. On the other hand, the increase in
1L-myo-inositol-1-phosphate synthase during stress sug-
gests its indirect involvement in water stress signalling
through phosphoinositoids. 1L-Myo-inositol-1-phosphate

synthase catalyses the reaction from glucose-6-phosphate
to inositol-1-phosphate [I(1)P], the first step of myo-inositol
biosynthesis. Phosphoinositides synthesized from I(1)P are
plasma membrane-bound proteins and involved in signal
transduction (Yoshida et al. 1999).

Previous studies showed that nucleoside diphosphate
kinases (NDKs) play a role in GTP-mediated signal trans-
duction pathways, light response and reactive oxygen scav-
enging, and are involved in plant response to heat and
water deficit (Pan eral 2000; Galvis et al. 2001; Fuka-
matsu, Yabe & Hasunuma 2003; reviewed by Hasunuma
et al. 2003; Hajheidari et al. 2005; Bhushan eral. 2007).
NDK1 protein was highly induced under water-deficit
stress in sweet potato (Hajheidari eral 2005), but its
expression was reduced in a stress-tolerant chickpea cul-
tivar grown under water-deficit stress (Bhushan eral
2007). Interestingly, in our study, levels of NDK1 protein
increased only in the susceptible genotype in response to
water-deficit stress (Table 3, band 16). Contrastingly,
NDKT1 levels decreased in response to water deficit in the

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 380-407
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40 m COCo041
O COC166

seed yield
(g plant‘l)

Control 50% Irrigation

Figure 2. (a) Comparison of pod yield for COC166 (top panel) and COC041 (bottom panel) grown under deficit irrigation [70%
potential evapotranspiration (PET) replacement] in 2008 field trials conducted at the ARS Cropping Systems Laboratory in Lubbock, TX,
USA. (b) Under moderate water-deficit conditions, COC166 shows approximately 90% decrease in pod yield, while COC041 shows

roughly a 22% decrease in yield compared to fully irrigated plants. Statistically significant differences were measured for all comparisons,
and those were P <0.001 are indicated as *.

tolerant cultivar TMV2 and could not be detected in the COCO041 is unknown. However, transcript for this gene
tolerant COCO041 genotype plants. Whether this indicates was induced in all three genotypes in response to water-
that COCO041 leaves were not under the same level of deficit stress.

water-deficit stress experienced by TMV2 and COC166 or The cyclophilin protein was induced both in the suscep-
an alternative mechnism or absence of this protein in tible genotype and the TMV2 cultivar, and remained
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Figure 3. Photosynthetic response to water-deficit stress in COC041 (black bars) and COC166 (white bars). Data are mean values of net

photosynthesis = SEs (n = 6 for each measurement). Statistically significant differences are indicated as **P =< 0.01 and *P = 0.05.

unchanged in the tolerant COC041. Cyclophilins differen-
tially expressed during water stress are involved in a variety
of cellular processes. Besides protein folding function, they
also play a role in signal transduction and thus may be
crucial for stress responsiveness (Romano, Horton & Gray
2004). In sugarbeet and sorghum, cyclophilins were
accumulated in the tolerant cultivars during water-deficit
stress (Hajheidari er al. 2005). However, in chickpea, the
cyclophilin-like peptidyl-prolyl cis-trans isomerase was
reduced during dehydration in the tolerant cultivar

(Bhushan et al. 2007). Our work with peanuts and that of
Bhushan et al. (2007) with chickpeas suggest negative sig-
nalling of cyclophilins in these two legume species. Another
signalling protein, calmodulin, is a ubiquitous calcium
receptor that regulates the activities and functions of a wide
range of CBPs. A significant increase in the protein was
seen in the susceptible genotype and may be involved in
forming complexes with CBP like GAD or protein kinases
(Fromm & Snedden 1997) required for calcium signalling in
response to water-deficit stress. Absence of induction of the

Table 2. Stomatal conductance (gs; mol H,O m™s™), transpiration (£; mmol H,O m™s™') and estimates of water-use efficiency (WUE)
(Algs and A/E) for COC041 and COC166 plants exposed to slow-onset water-deficit stress for 7 d followed by rewatering to soil

saturation daily for 7 d

gs E Algs AlE
COC041 COC166 COC041 COC166 COC041 COC166 COC041 COC166
Water deficit
Day 0 0.412 0.478 6.28 9.58 52.9 40.8%* 44 2.1%
(0.026) (0.08) (1.02) (1.29) ) (1.8) (1) (0.1)
Day 3 0.102 0.142 3.39 4.69* 115.4 112.9% 34 34
(0.007) (0.018) 0.2) (0.53) (5.3) (5.3) (0.2) 0.2)
Day 7 0.063 0.069 1.78 2.04 152.8 139.87%* 5.7 5.1
(0.007) (0.009) (0.17) (0.25) 4.7) (4.9) (0.5) (0.8)
Rewater
Day 2 0.316 0.188%*:* 7.78 4.61%* 52.1 88.27%* 2 2.9%
(0.06) (0.101) (0.62) (0.15) 4.4) 5) (0.2) (0.2)
Day 7 0.458 0.655%:#* 9.4 11.72%%* 54.2 42.8% 2.6 2.3
(0.046) (0.04) (0.59) (0.41) 4.2) 2.1) (0.1) (0.1)

Data are mean values with SEs in parentheses (n = 6).
Statistically significant differences are indicated at ***P =< 0.001, **P =< 0.01 and *P =< 0.05.
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Figure 4. Coomassie brilliant blue (CBB)-stained
one-dimensional (1-D) gel protein profiles of leaves from control
and water-stressed plants (equal protein amounts ca. 15 ug were
applied) was carried out as described in Materials and methods.
Leaf proteins from COC041 control (1), COC041 water stress
treated (2), COC166 control (3), COC166 water stress treated
(4), TMV2 control (5), TMV2 water stress treated (6) were
mentioned above each lane. Molecular weights (kDa) of protein
markers (Precision Plus Protein Standards) are indicated at the
left. Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) (4% T, 2.6% C stacking gels, pH 6.8 and 12.5% T,
2.6% C separating gels, pH 8.8) was carried out using 12.5%
polyacrylamide gels on a Nihon Eido (Tokyo, Japan) vertical
electrophoresis unit at constant current of 40 mA for ca. 4.5 h.
The running buffer was composed of 0.025 m Tris, 0.192 m glycine
and 0.2% (w/v) SDS. Five microlitres of the commercially
available ‘ready-to-use’ molecular mass standards (Precision Plus
Protein Standards, Dual Color) was loaded in the well adjacent
to the samples.

protein in tolerant genotype COCO041 suggests that either
the plants are not experiencing the same level of stress or a
possible mechanism to avoid stress by blocking the trans-
mission of signals to CBP.

Interestingly, a tetratricopeptide repeat containing
protein (TPR) (Table 4, spot 78), a positive regulator of
ABA signalling during plant development under stress was

induced in the tolerant line and check cultivar with the
latter showing more specific induction of the protein
(Fig. 5). The TPR-containing proteins were shown to be
stress responsive in soybean under heat stress (Torres, Cha-
tellard & Stutz 1995) and Arabidopsis in response to salt
and osmotic stress (Rosado et al. 2006). The Arabidopsis
TPR-containing 77L1 mutants have reduced tolerance to
salt and osmotic stress, characterized by reduced root elon-
gation and disorganization of the root meristem. It was also
shown that TTL1 regulates the transcript levels of several
dehydration-responsive genes including the transcription
factor DREB2A (Rosado er al. 2006). Further, it was dem-
onstrated that 77TLI acts as a positive regulator of ABA
signalling during plant development under stress. Thus,
TPR-containing proteins may function as members of mul-
tiprotein complexes implicated in the regulation of ABA
signalling and abiotic stress responses in the tolerant peanut
genotype.

Our proteomics analysis also identified proteins involved
in ameliorating water stress. Methionine synthase (Table 4,
spot 1), the enzyme responsible for synthesis of S-adenosyl
methionine (SAM), was reduced in all three genotypes
during water deficit. Lignification of the cell wall by methy-
lation of lignin monomers may be one mechanism to avoid
water loss under dehydration (Bhushan et al. 2007). Addi-
tionally, changes in phenylpropanoid biosynthesis, namely
methylation of lignin precursors by S-adenosyl methionine
synthetase and the production of ferulic acid represent key
steps in cell wall lignification and cell expansion (Chazen
and Neumann 1994; Neuman 1995; Riccardi et al. 1998). In
this reaction, SAM serves as the primary methyl group
donor. Cellular levels of SAM are regulated by the activity
of methionine synthase which generates methionine, a
precursor of SAM (Ravanel ef al. 1998, 2004). Induction of
methionine synthase transcript suggests an increased pro-
duction of methionine and lignin methylation by SAM. On
the other hand, reduction of the protein under water stress
in all accessions may be caused by a demand for more
methyl groups for lignin methylation.

For proteins involved in photorespiration, we detected
glycine dehydrogenase (decarboxylating) (Table 3, band
17), which was induced in the susceptible genotype during
water stress. The glycine dehydrogenase enzyme family con-
sists of glycine cleavage system P-proteins EC 1.4.4.2 from
bacterial, mammalian and plant sources. The P protein is
part of the glycine decarboxylase (GDC; EC 2.1.2.10) multi-
enzyme complex, and catalyses the interconversion of
glycine to serine, an integral part of the photorespiratory
pathway (Bauwe & Kolukisaoglu 2003). It has been sug-
gested that decreased GDC in pea mitochondria following
exposure to water-deficit stress is a result of oxidative
damage and that GDC inhibition may serve as an initial
marker of oxidative stress in plant cells (Taylor, Day &
Millar 2002). Reduction of this protein in TMV2 may
indicate damage to the photorespiratory pathway during
water-deficit stress, while increased expression of GDC in
susceptible plants suggests the possible involvement of
photorespiration as an electron sink in minimizing reactive
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375 TMYV 2 — Control genotype COC166 control and water stressed. (¢) Moderately

strips in the first dimension followed by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) on
gradient (12-14%) large-format gels in the second dimension.
Proteins were stained with silver nitrate. Five microlitres of the
molecular mass standards (Bio-Rad) was loaded adjacent to the
acidic end of the IPG strip. Image analysis detected 407, 509, 446,
491, 375 and 365 spots on the two-dimensional (2-D) gels, for
COC041, COC166 and TMV2 control and water-stressed
samples, respectively. Numbered arrows, boxes or circles (spots
1-79) show stress-responsive proteins. Blue indicates proteins
abundant under control conditions, but decreased or absent
following water stress, and red indicates proteins increased
following water stress. The positions of the proteins are marked
in the same direction and position for clarity, in each of the gels.

stress-tolerant cultivar TMV2 control and water stressed. Leaf
proteins (80 ug) were separated on 18 cm IPG (pH 4.0-7.0)

365 TMV 2 — Water stress
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oxygen production induced by water-deficit stress (Osmond
& Grace 1995; Kozaki & Takeba 1996; Noctor er al. 2002).

Acetyl CoA carboxylase (ACC) mediated cell
wall strengthening under water stress

Interestingly, ACC (Table 4, spots 26 and 27), which is an
enzyme involved in lipid biosynthesis, was uniquely identi-
fied in the tolerant genotype (COCO041) and detectable only
during water stress. In plants, ACC isozymes provide the
malonyl CoA pools used for de novo fatty acid synthesis in
plastids and mitochondria, and for fatty acid elongation,
flavonoid (FL) and stilbene biosynthesis in the cytosol
(Focke et al. 2003). From several studies, it is evident that
the ACC reaction is the most important regulatory step,
controlling metabolite flow in response to stress. From the
water-deficit stress tolerance perspective, fatty acids are
essential in membrane biogenesis, lipoic acid and cuticular
wax synthesis and stress signalling (Zuther et al. 2004).
Under extreme water deficit when stomata are nearly com-
pletely closed, water loss is primarily through cuticular tran-
spiration (Shepherd & Griffiths 2006). In response to water
stress, epicuticular wax deposition is initiated within a few
days (Premachandra et al. 1991), and tolerant plants often
have thicker leaf wax than susceptible plants (Shepherd &
Griffiths 2006). To test this hypothesis, we measured the
EWL in both well-watered and water-stressed plants. Inter-
estingly, there was significantly higher EWL in the tolerant
genotype (COC041) compared to the susceptible genotype
(COC166) under normal conditons. Although EWL was
slightly increased in the tolerant genotype during stress,
there was a significant decrease in EWL in the susceptible
genotype (COC166) (Fig.7). In alfalfa, transgenic plants
with increased cuticular waxes showed reduced water loss
and decreased chlorophyll leaching, thereby enhancing
tolerance to water-deficit stress (Zhang et al. 2005). These
results support our hypothesis that a higher level of ACC
protein in tolerant peanut leaves leads to increased
amounts of polyunsaturated fatty acids, thicker cuticular
wax and flavonoids for water-deficit stress signalling.

Reduction in photosynthesis-related proteins
during water stress in tolerant genotypes

Nine differentially accumulated protein spots (Table 4,
spots 12, 13, 14, 23, 34, 62, 63, 68, 74) were identified as
Rubisco large subunit (LSU) or small subunit (SSU).
1-DGE and Western blot with Rubisco LSU indicated a
general reduction in Rubisco protein content in both
tolerant (COCO041) and susceptible (COC166) genotypes
(Fig. 4). However, the protein was increased in the moder-
ately tolerant cultivar (TMV2) during water stress. 2-D
analysis revealed five spots (12, 13, 14, 68, 74) identified as
fractions of Rubisco protein that were also reduced in the
leaves of the tolerant genotypes (COC041 and TMV2). Car-
bonic anhydrase (CA) (Table 3, bands 1 and 3) and oxygen
evolving enhancer protein 2 (OEP) of photosystem II
(PSII) were also reduced in the tolerant genotype

(COCO041). Interestingly, another nuclear-encoded PSII
protein, psbP (Table 4, spot 73), decreased only in the tol-
erant genotype. The abundance of two protein bands iden-
tified as photosynthesis-related chlorophyll a/b-binding
protein (Table 3, bands 11 and 22) also declined in the tol-
erant genotype, but its homolog (Table 4, spot 71) was
induced during water-deficit stress. Together, these results
suggest an overall reduction of photosynthesis-related pro-
teins during water stress in the tolerant peanut genotypes.
Correlated with this decrease in major photosynthetic pro-
teins was a rapid decrease in transpiration and photosyth-
etic rate in the tolerant genotype compared to susceptible
plants (Table 2; Fig. 3).

Increased ATP synthase and ferredoxin-NADP
reductase to meet energy demand during
water stress

Because water stress substantially decreases CO, assimila-
tion by net reduction in the amount of ATP (Tezara et al.
1999), it was suggested that induction of ATP synthesis will
assist in abiotic stress tolerance (Zhang, Liu & Takano
2008). In the current study, an ATP synthase epsilon chain
(Table 4, spot 28) and an ATP synthase beta subunit
(Table 3, band 2A) were highly induced only in tolerant
genotypes suggesting their putative role in water-stress tol-
erance. ATP synthase plays a central role in energy trans-
duction in chloroplasts and mitochondria, and alleviation
of stress. The protein was reported to be induced in salt-
stressed rice leaves (Kim et al. 2005) and shoots and roots
of maize (Zorb et al. 2004). Over-expression of the ATP
synthase gene resulted in greater tolerance to drought in
Arabidopsis (Zhang et al. 2008). Induction of the protein in
tolerant peanut genotypes may alleviate water-deficit stress
by increasing ATP supply to meet increased stress-related
energy demand. In addition, ferredoxin-NADP reductase
which is involved in electron transfer, was also induced in all
the genotypes and may help in meeting the energy demand
during stress.

Lectin and lactoglutathione lyase proteins as
water-deficit stress markers

Several lectins including galactose-binding and mannose/
glucose-binding isoforms (bands 7, 10, and spots 17, 18, 36,
38-50, 60 and 61) were highly induced in the susceptible
genotype. By contrast, lectin proteins remained either
unchanged or undetectable in the tolerant COC041 and
TMV2 genotypes. While the role of lectins in the plant stress
response is not clear, several studies have shown induction
of specific lectins in response to both abiotic and biotic
stresses, and provided some evidence for lectins in diverse
functions from cell wall modification to regulation of gene
expression (Van Damme ef al. 2004; Bhushan et al. 2007;
Aghaei et al. 2008; Jia et al. 2008). Bhushan et al. (2007)
reported induction of a mannose lectin (gi6822274)
in stress-tolerant chickpea only during water-deficit stress.
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Figure 6. Functional categorization of proteins detected from
both one-dimensional (1-D) and two-dimensional (2-D) gels and
identified by tandem mass spectrometry (MS/MS),
matrix-assisted laser desorption/ionization (MALDI) and
quadrupole time-of-flight (Q-TOF) analyses.

Interestingly, lectin expression appears to be unaffected
in the tolerant genotypes (COC041 and TMV2), while
induced in the susceptible COC166 plants in response to
water-deficit stress. Aghaei ez al. (2008) reported a similar
down-regulation of lectins in response to salt stress in
soybean hypocotyls and roots. Immunoblotting studies with
a rice polyclonal anti-SalT antibody revealed that the salt
and water stress-inducible mannose lectin protein SalT
(Claes et al. 1990; Kim et al. 2005) was also induced in the
susceptible COC166 plants during stress (Fig. 8). However,
in tolerant genotypes (COC041 and TMV2), the SalT
protein disappeared after stress. A greater induction of
lectins in COC166 could indicate that this genotype expe-
rienced severe water stress. On the contrary, tolerant geno-
types might not have experienced water stress because of
the presence of other compensatory mechanisms; therefore,
increased abundance of SalT was not evident under water-
deficit conditions. There was also a significant induction
of lactoglutathione lyase (Table 4, spot 35), the protein
involved in glyoxalase system, in the susceptible COC166

Epicuticular wax load
(mg wax dm~2)

plants in response to water deficit, while the protein was
undetectable in the tolerant genotypes. Lactoglutathione
lyase is one of the two enzymes of the glyoxalase system
associated with detoxification of cytotoxic methylglyoxal,
formed as a by-product of carbohydrate and lipid metabo-
lism (Thornalley 1993). The absence of this protein in the
tolerant genotype (COC041) and induction in susceptible
accession, as well as the contrasting amount of detectable
lectins, indirectly points to the general status of cells in
stress-tolerant and susceptible genotypes during water-
deficit stress.

Histone H2B and retrotransposon-based novel
gene regulation under water-deficit stress

A histone H2B protein was induced in the susceptible line,
and the retrotransposon protein (Table 4, spot 37) appeared
in the tolerant genotype (COCO041) during water stress. In
yeast, it was shown that histone H2B, upon ubiquitination,
regulates histone H3 methylation and transcriptional
silencing (Sun & Allis 2002). Such unique gene regulation
mediated through ‘frans-tail’ histone modification cannot
be ruled out during water stress in peanuts. However, the
exact mechanism of water-deficit stress tolerance involving
reduction of histone proteins in the TMV2 cultivar remains
enigmatic. It is known that retrotransposons can generate
small RNAs (siRNA) which in turn may silence a specific
gene (Watanabe et al. 2006). Currently, we do not know if
the identified retrotransposon in tolerant peanut genotypes
generates siRNA, which can knock down a gene whose
product is detrimental to the cells during water stress.

Transcript response to water-deficit stress

To investigate whether changes in gene expression were
correlated to changes in protein abundance, a qRT-PCR
experiment was conducted using the available EST
sequences of eight candidate proteins (Fig. 9). Not surpris-
ingly, these results showed that in most instances, the

B Water-deficit stress
0O Well watered

COC166

COCo041

Figure 7. Leaf epicuticular wax load (EWL) of susceptible (COC166) and tolerant (COC041) peanut genotypes for water-deficit
stressed leaves (black bars) 7 d post-irrigation and well-watered control plants (white bars). Bars represent mean values = SE. Statistically

significant differences are indicated as *P = 0.0006.
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15 ug protein
M1 2 3 4 5 6

Anti-SalT (rice polyclonal)

Figure 8. One-dimensional (1-D) immunoblotting showing
cross-reacting SalT protein in peanut leaves. Leaves from control
and water-stressed plants were sampled at 7 d post-treatment.
Protein samples from COC041 control (1), COC041 water stress
treated (2), COC166 control (3), COC166 water stress treated
(4), TMV2 control (5), TMV2 water stress treated (6) were
mentioned above each lane. Molecular weights (kDa) of protein
markers (Precision Plus Protein Standards, Bio-Rad) are
indicated at the left. Immunoassaying was carried out as
described in Materials and methods.

mRNA levels did not correlate with protein abundance.
Methionine synthase protein levels declined in all geno-
types in response to water-deficit stress and were correlated
with a decrease in transcript levels in TMV2 and COC166
(Fig.9). However, the transcript for this gene nearly
doubled in stressed COC041 leaves. Lectin mRNA in toler-
ant COC041 and methionine synthase, and TPR transcripts

5.00
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4.00 4
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3.25+
3.00
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2.50
2.254
2.00+
1.751
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0.75
0.50
0.25
0.00-

Relative expression of drought responsive transcripts

T™MV2

COC166

in TMV2 correlated with respective protein patterns. In
the susceptible genotype (COC166), four transcripts (i.e.
methionine synthase, NDKI1, 1L-myo-inositol-1-phosphate
synthase and TPR expression patterns) were well corre-
lated with protein patterns. Several studies reported similar
findings regarding changes at the transcript level which do
not correlate with changes in total protein because of post-
translational regulation of gene expression (Hirano et al.
2007; Joosen et al. 2007; Kottapalli et al. 2007b).

Theoretical model of water stress tolerance
in peanuts

Based upon our results, we developed a theoretical model
representing water stress tolerance in peanuts (Fig. 10).
Peanut, an oilseed crop, might be utilizing its ability to
adjust the lipid composition in addition to increased pro-
duction of downstream metabolites (e.g. jasmonates) to
reduce the impact of water stress. Initially, the perception of
water stress apparently induced the production of signalling
proteins, including CBP, cyclophilin, NDK1 and aldolases.
Subsequently, leaves modified cell walls through lignifica-
tion and wax deposition to minimize water loss. Malonyl
CoA pools may also generate jasmonates through the
action of lipoxygenases, which participate in long-distance
signalling. Defence-related proteins (e.g. lectins and redox
proteins) may be induced at a later stage. Finally, as a con-
sequence of water stress, the photosynthetic machinery
may be reversibly and partially de-activated to reduce det-
rimental loss of water, but may be rapidly activated upon

M Lectin

B LOX4

B Meth Syn

@ Myo Inositol
B NDK1

@ TPR

B CamBP

B ACC

COCo041

Figure 9. Real-time qRT-PCR analysis using gene-specific primers for lectin, LOX, methionine synthase, myo-inositol 1-phosphate,
NDK1 and TPR. The transcript level is represented as the ratio of relative gene expressions for each cultivar (ratio of water-stressed and
well-watered control). Relative quantification of gene expression was estimated by Roche E method by first normalizing the target gene
to the reference actin gene followed by normalization using the calibrator (COC166 untreated) ratios.
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Figure 10. Representative model depicting the pathways implicated in water-deficit tolerance in peanut leaves. Proteins identified in this
study are coloured in blue and displayed on the corresponding metabolic pathways. Solid arrows indicate induction of a particular

protein, and dashed lines represent reduction. Dark, thick arrows
abscisic acid; NDKI1, nucleoside diphosphate kinase 1; TPR, tetrat
protein.

rewatering. This is an essential trait for production agricul-
ture where plants are continually exposed to intermittent
irrigation events in both rain-fed and irrigated conditions.
In our tolerant genotype (COC041), a 30% decrease in
irrigation levels in the field only reduced yield by 15-20%
compared with 90% in the susceptible genotype, which is a
substantial difference in real-world application. This yield
response appears to be correlated with a rapid down-
regulation of photosynthesis via stomatal closure and
decrease in photosynthetic machinery which could mini-
mize water loss from the plant and prevent cellular damage.
Additionally, higher epicuticular wax may minimize
additional water loss from the tolerant genotype. Upon
re-irrigation, the tolerant genotype rapidly regains a signifi-
cant percentage of its non-stressed photosynthetic capacity.
Interestingly, the tolerant genotypes fail to exhibit up-
regulation of many proteins known to be responsive to
stress, suggesting that under the similar levels of available
soil moisture, the tolerant genotype does not experience
the same level of stress as experienced by the susceptible

©

show the signal molecules generated downstream of a pathway. ABA,
ricopeptide repeat; DREB, water-deficit stress response element-binding

genotype. Although both tolerant and susceptible plants
recover full photosynthetic capacity within 1 week of
re-irrigation, it is perhaps the recovery phase and potential
energy costs associated with cellular repair that ultimately
have an impact on significantly reducing yield in the sus-
ceptible genotype. Elucidation of the physiological mecha-
nisms controlling these contrasting responses will be the
focus of our future efforts, as well as the functional charac-
terization of candidate genes and proteins identified here.
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